IN CELLULOMONAS AND A REVISION O F THE GENUS F r a n c i s E. C l a r k 1
F r a n c i s E. C l a r k 1 Evidence has recently been presented ( 2 ) that many of the cellulolytic bacteria of Kellerman and co-workers (10, 11, 12, 13) belong in the C o r y n e b a c t e r i a c e a e . Accordingly, the genus C e l l u l o m o n a s has been emended and i t s t r a n s f e r to that family has been proposed (3). During the course of the work on C e l l u l o m o n a s , s e v e r a l of the type cultures i n the genus, including that of the type species, were made available to the writer by Dr. Nathan R. Smith, one of the initial co-authors (11) . These type cultures had been maintained in his laboratory for a period of about forty y e a r s . Their availability has' provided an opportunity both to evaluate the stability and suitability of c r i t e r i a employed for species differentiation in C e 1 l u 1 o m o n a s and to cons i d e r the c o r r e c t n e s s of the names of the s e v e r a l species that have been assigned to the genus. F r o m , t h e laboratory data accumulated and f r o m examination of published deacrip-2 tions, recognition o r disposition has been made of twentyseven kinds of bacteria described as epecies of C e l l u l om o n a s .
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by e a r l i e r workers a r e herein excluded f r o m the genus, i t is appropriate briefly to describe C e 11 u 1 o m o n a s before evaluating c r i t e r i a for the separation of species within this group.
An e a r l i e r discussion ( 3 ) has summarized my reasons for
placing C e l l u l o m o n a s in the family C o r y n e b a c t er i a c e a e and f o r recognizing a t l e a s t three genera ( C o r yn e b a c t e r i u m , A r t h r o b a c t e r , and C e l l u l o m on a s ) within that family. The species in these genera show angular, branched, and i r r e g u l a r c e l l s , and nearly all r ecent students of them have stated that they should be grouped in the s a m e family. In some instances, new combinations have been proposed i n the genus C o r y n e b a c t e r i - Wood (21) . Jensen (9) has recently stated that the animal pathogens, the soil saprophytes, and the plant pathogens of the coryneform bacteria "constitute COr v n e b a c t e r i u m s e n s u l a t o . "
-
The w r i t e r believes that various cellulolytic and globiform organisms f r o m soil should not be placed i n the genus whose type species is C o r y n e b a c t e r i u m d i p h t h e r i a e , even though such organisms a r e recognized i n m er i a c e a e .
I t has been proposed that A r t h r o b a c t e r
Conn and Dimmick (5) be retained. This genus is differentiated f r o m C o r y n e b a c t e r i u m by i t s failure to produce acid f r o m fermentable sugars and by i t s ability to liquefy gelatin and to grow satisfactorily on synthetic media. Jens e n (9) speaks of A r t h r o b a c t e r as follows: 'IIn this group the energy metabolism is almost wholly oxidative, synthetic ability is well developed (growth with inorganic nitrogen and without a c c e s s o r y factors), and proteolytic powe r is considerable. ' I In addition, i t may be pointed out that young cells of A r t h r o b a c t e r spp. a r e much m o r e commonly Gram-negative than a r e those of the animal diphtheroids. On aging, cells of A r t h r o b a c t e r commonly become Gram-positive, and coccoid o r globiform i n appearance, as described by Conn and Dimmick (5). Reports of motility in A r t h r o b a c t e r a r e sufficiently numerous to show that
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motility must be recognized within this group. Despite s c a t t e r e d reports to the contrary, motility has not yet been demonstrated i n organisms that can beyond reasonable doubt be considered as animal diphtheroids. Jensen (9) likewise r e g a r d s the animal parasitic corynebacteria as genuinely nonmotile, and the soil and plant coryneform b a c t e r i a as "incidentally" motile.
C e 1 1 u 1 o m o n a s is differentiated both f r o m C o r y n e b a ct e r i u m and A r t h r o b a c t e r by i t s ability to cause disintegration of cellulose. C e 11 u 1 o m o n a s a l s o is differentiated f r o m A r t h r o b a c t e r by the ability of the f o r m e r to produce distinct acidity i n dextrose broth. In my experience, Gram-negative staining is m o r e commonly encount e r e d i n cells of C e l l u l o m o n a s t h a n i n cells of A r t h r ob a c t e r . C e l l u l o m o n a s usually is Gram-negative during the first 24 hours of growth, thereafter Gram-positive or Gram-variable staining is secured on cells grown under favorable conditions. In cultures s e v e r a l days old, the G r a m reaction is usually negative.
-
The ability of C e 11 u 1 o m o n a s to attack cellulose is apparently a v e r y stable characteristic. It remains demonstrable in cultures maintained in Smith's laboratory f o r forty y e a r s .
Siu (1 9) has r e m a r k e d that the t e r m "cellulolytic" is used by s o m e workers simply to denote a loosening of the adhesion of the f i b e r s in filter paper s t r i p s even though actual cellulose destruction is negligible. The C e 11 u 1 o m o n a s species recognized below and f o r which type cultures have been available p o s s e s s the ability to dissect filter paper s t r i p s ( 0 . 7 by 6 cm. ) standing half i m m e r s e d i n 0.5 p e r cent peptone broth. The dissection of the filter paper s t r i p s i n such tubes occurs a t the surface of the broth.
CRITERIA FOR SPECIES IDENTIFICATION
The differential c r i t e r i a m o s t used i n the separation of spec i e s of C e l l u l o m o n a s , both by the f i r s t students of the genus and i n m o r e recent monographs, including the s e v e r a l editions of Bergey's Manual ( l ) , have been the following: motility, gelatin liquefaction,. chromogenesis, action on milk, production of ammonia and nitrite, and production of IP: 54.70.40.11
These c r i t e r i a a r e discussed i n the follo'wing p a r aMotility: Kellerman and co-workers (10, 11, 12, 13) described about two-thirds of their proposed species as motile.
Both motile and nonmotile species a r e represented among the cultures that have been maintained. C e 11 u 1 o m o n a s b i a z o t e a , C . c e l l a s e a , and C . g e l i d a , initially described as m o t 5 e , have been found motile in r e c e n t examinations (4).
C . f l a v i g e n a , C . u d a , and _ C . f i m i were initially described as nonmotile (10, 11, 13) . The f i r s t two have been found nonmotile, while the last has shown feeble motility. Flagella have been demonstrated i n gold-shadowed cell preparations of 5 . f i m i examined with a n electron microscope (4). Inasmuch as the property of motility appears constant, within reasonable limits of e r r o r s of observation, i t appears desirable to retain this c r i t e r i o n for separation of species i n C e l l u l o m o n a s .
Gelatin liquefaction: Kellerman and co-workers (10,11,12, 1 3 T l o y e d gelatin stab cultures for determining liquefaction. F o r slowly growing and weakly gelatinolytic bacteria, this technique is not entirely reliable. I t will be pointed out below that Kellerman and co-workers listed c e r t a i n species as non-gelatinolytic in some discussions but i n others listed the same species as very slowly gelatinolytic. In the c u rrent work, cultures of C e l l u l o m o n a s were grown on gelatin agar plates, and t e s t s f o r gelatin hydrolysis were made according to the method of F r a z i e r (6) . All cultures studied were found capable of gelatin hydrolysis, including C e l l ul o m o n a s g e l i d a a n d s . s u b a l b a , initially described a s non-gelatinolytic. Accordingly, c e r t a i n species s e p a r ations that have formerly been made on the b a s i s of gelatin liquefaction no longer appear tenable.
Chromogenesis: Kellerman and co-workers (10, 11, 12, 13) found that approximately one-third of their cellulolytic bact e r i a showed yellow pigmentation on beef agar. Of their yellow chromogenic and cellulolytic cultures, four have been examined, and all have produced yellow o r lemon-yellow growth on nutrient agar. Of four cellulolytic cultures initially described as non-chromogenic, all have shown white, On: Thu, 03 Jan 2019 10:22:44
ivory, o r light cream-colordd growth on nutrient agar. Various workers have pointed out the pitfalls i n using chromogenesis for taxonomic purposes. Nevertheless, yellow chromogenesis appears to be a relatively stable c h a r a c t e ristic within the genus C e 11 u 1 o m o n a s , and therefore i t is retained as an acceptable c r i t e r i o n f o r the differentiation of species.
Action on milk: With but few exceptions, all species of Ammonia, nitrite, and indole production: Kellerman and co-workers m l , 12, 13) noted ammonia, nitrite, and indole production for s e v e r a l of their cellulolytic bacteria. Inasmuch as the carbohydrate fermentation responses of the s a m e bacteria were of little differential value, Kellerman --e t al, ( l l ) , McBeth (12), and the s e v e r a l editions of Bergey's Manual (1) have relied largely on differences i n ammonia, nitrite, and indole reactions for species differentiation.
--
Of the three t e s t s , nitrite production f r o m n i t r a t e s has been found to offer the m o s t promise for c u r r e n t use. Ammonia productionwas notedby Kellermanand co-workers f o r nearly one-half of their species. In our work, no spec i e s of C e l l u l o m o n a s has been found to produce ammonia. Insofar as type cultures available a r e concerned, a mmonia production therefore appears of doubtful value for species separation. Notwithstanding this, discarding the use of the ammonia t e s t is not recommended at the p r e s e n t time. In the c a s e of gelatin liquefaction, s o m e species initially reported negative have been found gelatinolytic. There is reasonable probability that their gelatinolysis was initiall y overlooked because of slow growth o r the t e s t conditions employed, and not that the property h a s since been acquired. With ammonia production, however, the discrepancy is i n the other direction -cultures initially reported positive a r e now found negative. It is possible that their ability to produce ammonia has been lost. Until such time as the question of ammonia production has been investigated i n a numb e r of f r e s h l y isolated cultures, it appears advisable to a ccept c e r t a i n species of C e l l u l o m o n a s that would not be recognized i f ammonia production w e r e discarded entirely f r o m taxonomic consideration. Unfortunately, nearly all the type cultures that have been available for testing r e p r e s e n t species that initially were reported a s indole negative. An exceptior has been C e 11 u - The retention of the indole t e s t for differentiation of species of C e l l u l o m o n a s m u s t b e supportedby the s a m e reasoning that supports retention of the ammonia production test.
But inasmuch a s there exists some doubt on the accuracy of the indole t e s t s reported i n the e a r l i e r l i t e r a t u r e , the w r i t e r has considered it advisable to d i s r e g a r d the indole t e s t for species differentiation in C e 11 u 1 o m o n a s , The v e r y few occasions i n which the indole t e s t determines whether o r not a given species reported in the l i t e r a t u r e is entitled to r e cognition will be pointed out below.
Carbohydrate fermentation: Taylor (20) summarized his work on the availability of carbon compounds to the soil bact e r i a in the genus A r t h r o b a c t e r with the statement that the inconsistent and changeable reactions produced on different s u g a r s only emphasized the futility of any attempt to classify the organisms on the b a s i s of acid production. With but one exception, carbohydrate fermentation responses have not been found informative for species differentiation i n C e l l u l o m o n a s . C,. f i m i ferments xylose and a r a b inose, whereas all other species of C e 11 u l o m o n a s that were tested failed to attack these pentoses. caused some browning i n lead acetate a g a r , indicating feeble hydrogen sulfide production. Thermal r e s i s t a n c e studies revealed no noteworth differences among the type cultures studied. No serological studies were undertaken.
THE LEGITIMACY O F SPECIES IN CELLULOMONAS
Eighteen species a r e placedin C e 11 u 1 o m o n a s i n the sixth edition of Bergey's Manual (1) and six nonmotile cellulolytic species previously listed in C e l l u l o m o n a s a r e placed i n B a c t e r i u m .
C e 11 u 1 o m o n a s f i m i was t r a n s f e r r e d to the genus C o r y n e b a c t e r i u m . The legitimacy of these s e v e r a l species for inclusion in C e l l u l o m o n a s should be reviewed.
Following Jensen ( 8 ) ,
Individual species a r e discussed in the order inwhich they appear in the dichotomous key given a t the close of this section. Names of species not recognized in the key but considered On: Thu, 03 Jan 2019 10:22:44
synonyms of species names included a r e discussed immediately following the species with which they a r e merged. Species excluded from C e l l u l o m o n a s a r e d i s c u s s e d l a s t . Bacillus biazoteus Kellerman e t a_l. P r o t e u s cellulomonas var. biagoteus P r i b r a m 1933.
--
1913.
Inasmuch as C e l l u l o m o n a s b i a z o t e a is the type species, itis fortunate both that the type culture has been maintained and that the culture corresponds v e r y closely t o its initial description. The culture remains cellulolytic, chromogenic, gelatinolytic, motile, nitrite positive, and ammonia negative.
A minor correction shouldbe made concerning the "optimum temperature 2OoC. as given in Bergey's Manual (1). Kell e r m a n e t al. Cellulomonas desidiosa (McBeth) Bergey "_f al. 
The original description (1 1 ) of 5 . c e 1 l a s e a p e r m i t s its inclusion i n the emended genus C e 11 u 1 o m o n a s . Such inclusion has been substantiated by examination of the type culture.
Culturally and in i t s biochemical responses , this species r e s e m b l e s C_. b i a z o t e a , except that 5. eell a s e a produces no yellow pigment. It is considered a l egitimate species. No culture has been available. The initial description of this organism placed emphasis on i t s cellulolytic ability, but presented somewhat limited cultural observations. Its reported motility, yellow chromogenesis, and nitrite and ammonia production s e e m to identify this bacterium with C e l l u l o m o n a s a u r o g e n a , of which the name 5 . a u r o g e n a l a r g e l y on the b a s i s of its f a i l u r e t o liquefy g za t i n . With its reportedly negative gelatinolysis i g n o r e d , its yellow c h r o m o g e n e s i s and production of both n i t r i t e a n d a mmonia s e e m to identify it with ,C . a u r o g e n a . T h e n a m e C .
--g i l v a i s r e d u c e d t o a s y n o n y m o f _ C . a u r o g e n a .
C e l l u l o m o n a s
p u s i l l a ( K e l l e r m a n ",t + . ) B e r g e y --e -t 51. 1923. Synonyms: Cellulomonas pusila ( s i c ) ( K e l l e r m a n e t al. ) Bergey e t al. 1923. Bacillus pusilus ( s i c ) K e l l e r m a n e t al.
----

1913.
Bacillus c a e s i u s K e l l e r m a n e t al. 1923; Cellulomonas c a s e i a ( K e l l e r m a n e t al. ) B e r n e v e t al. 1923 . C e l - --lulomonas c a s e i ( K e l l e r m a n e t al. ) B e r g e y e t al. 1934 .
Cellulomonas c a e s i a ( K e l l e r m a n c t al. ) B e r g e y e t al.
1939.
---- ---4a. C e l l u l o m o n a s c a e s i a ( K e l l e r m a n e t s.) B e r g e y -e t a l . 1923. K e l l e r m a n e t al. (1 1 ) differentiated C . c a e s i a f r o m C . p u s i 11 a by the ability of the former-to c a u s e coagulation and digestion in l i t m u s m i l k and a l s o by growth on beef a g a r . C . c a e s i a produced "moderate, flat, thin, slightly bluish f l u o r e s c e n t a t angle of 45O" and C,. p u s i l l a "mode r a t e f l a t , a l m o s t c o l o r l e s s s e m i -t r a n s p a r e n t growth. I t The l a c k of other differences m a k e s the recognition of 5 . c a es i a as a s p e c i e s a p p e a r inadvisable, a n d the n a m e C,. ----t t* t* t --t t -t -
C . p u s i l l a :
-
---t --t --+ t -t ----
The two d i s a g r e e m e n t s ( m a r k e d by a s t e r i s k s ) r e p r e s e n t e d positive gelatin liquefaction and growth on potato f o r 5 . -i ug i s and negative gelatin liquefaction and no growth on potato for C . p u s i l l a .
-
The f i r s t d i s a g r e e m e n t a p p e a r s to be a typographical e r r o r which both McBeth (12) a n d B e r g e y ' s Manual (1 ) perpetuated i n t h e i r taxonomic keys.
The 
The synonymy of the n a m e C,. 1 i q u a t a with 5 . 6 . C e l l u l o m o n a s g a l b a ( K e l l e r m m e t g.) B e r g e y g al. 1923.
Bacillus galbus K e l l e r m a n e t al. 1913.
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No culture-of this species has been examined, but the original description (11) 7.
-g a 1 b a to reduce nitrates to nitrites. The type culture was found to be non-cellulolytic and to diff e r i n s e v e r a l other r e s p e c t s f r o m the initial description (13) . As originally described, 5. b i b u l a c a n be regarded a s an indole-positive variant of 5 . g e 1 i d a . Otherwise, its reported cultural properties suggest its identity with C,. No culture is .currently available, therefore species recognition or disposition can be made only on the b a s i s of the original description (12) . The yellow chromogenesis, production of nitrite, acidity in milk, failure to produce ammonia, and finally its reported nonmotility would identify it with C . f l a v i g e n a and reduce the name C_. i d o n e a to synonymy. C . u d a is recognized as a nonmotile, nonchromogenic s p e ----ties of C e 11 u 1 o m o n a s . The type c u l t u r e c u r r e n t l y available has been found to a g r e e i n i t s c h a r a c t e r i s t i c s with the original description (1 1 ).
10. C e l l u l o m o n a s a c i d u l a ( K e l l e r m a n c t 51.) B e r g e y e t al. 1923.
B a c t e r i u m acidulum K e l l e r m a n "_t 2. otherwise, the o r g a n i s m s a p p e a r to have been culturally identical.
The name C . l u c r 0 s a is made a synonym of
11. C e l l u l o m o n a s ( ? ) f e r r u g i n e a (Rullmann) B e rgey e t al. 1923. C l a r k , F r a n c i s E.
--
The g e n e r i c classification of c e rtain cellulolytic bacteria. s o i l Science SOC. h e r , P r o c . 15: 180-182. 1951. C l a r k , F r a n c i s E. 
